I. INTRODUCTION
At excitation energies between Ϸ100 000 cm Ϫ1 and the first ionization limit ͑125 666 cm Ϫ1 ), molecular nitrogen exhibits a complex and congested spectrum, which was observed in absorption 1 and partly in emission. 2, 3 This spectrum was extensively studied by Lefebvre-Brion, 4 Dressler, 5 and Carroll, Collins, and Yoshino 6, 7 and it is established now that it can be explained in terms of two valence states, bЈ 1 ⌺ u ϩ and b 1 ⌸ u , two Rydberg series c n Ј 1 ⌺ u ϩ and c n 1 ⌸ u which both converge to the first ionization limit and the Rydberg series o n 1 ⌸ u converging to the A 2 ⌸ u excited state of the N 2 ϩ ion. 8 A similar structure is to be expected for the gerade manifold, but investigations in the past have been sparse due to the fact that transitions from the electronic ground state to these gerade states are dipole forbidden. Emission experiments in discharges have been performed in the past, from which some information about the gerade states has been obtained. More recently, laser excitation experiments involving gerade excited states have been performed as well. Besides the ground state, up to now only six singlet gerade states have been observed and identified in molecular nitrogen:
⌸ g , and z 1 ⌬ g . The MO ͑molecular orbit͒ configurations are tabulated in Table I . The a 1 ⌸ g state is a valence state whereas the other five states are Rydberg states.
The first excited singlet gerade state observed, was the a 1 ⌸ g state. This state was first detected in emission in the a 1 ⌸ g -X 1 ⌺ g ϩ system by Lyman in 1911. 9 More bands were added to this system by Birge and Hopfield 10 who also analyzed the vibrational structure. The system has become known as the Lyman-Birge-Hopfield system. In 1965 Vanderslice et al. 11 obtained the absorption spectrum at high accuracy and Ref. 11 was the most important reference for several decades. Some of the bands, observed in absorption, were analyzed at even higher accuracy by Miller. 12 In recent years this system was reinvestigated in a resonance enhanced multi-photon ionization ͑REMPI͒ scheme 13 and in emission. 14 The a state was also observed in some other systems by Gaydon and Herman [15] [16] [17] [18] [19] ͑Gaydon-Herman singlet systems; 4 1 39 showed that the perturbations arise from an interaction with the k 1 ⌸ g state. Furthermore, an indirect predissociation mechanism was proposed to explain the missing ͑e͒ components. All these experiments were emission experiments. Recently, the ͑e͒ components were observed in a double resonance experiment by de Lange and Ubachs. 40 The predissociation mechanism proposed by Carroll and Subbaram was supported by their analysis.
The k 1 ⌸ g state was first observed by Carroll and Subbaram 39 and their names were given to two systems:
Similar perturbations as in the y state were observed, which can be explained by a mutual interaction between those states. 39 Also in the case of the k state, the ͑e͒ components of vϭ1 were missing in the emission spectra of Carroll and Subbaram, but were observed in the laser excitation spectra by de Lange and Ubachs. 40 Finally, the sixth identified singlet gerade state is the z 1 ⌬ g state. This state was observed by Lofthus in 1957 41 in emission. Although this is the only reported observation up to our knowledge, the state is also found in the ab initio calculations of Michels. 42 In this paper we report on a two-photon laser excitation study, with subsequent photo-ionization by a third laser pulse. As a result 19 vibronic systems of gerade symmetry were identified of which 15 were hitherto unobserved. Since no ab initio potential energy curves of spectroscopic accuracy are available and because, similar to the case of unger-FIG. 1. Scheme of the experimental setup. XUV radiation is generated by frequency doubling, and subsequent tripling of the output of a pulsed dye laser. This radiation is used to drive the transition from the ground state to a specific rotational level of the intermediate c 4 
The radiation of a second pulsed dye laser is exploited as probe laser for the highly excited singlet gerade states. Finally, a third laser, the second harmonic of Nd:YAG ͑532 nm͒, is used to ionize the N 2 molecules in these highly excited states. These ions are accelerated, mass-selected, and detected in a time of flight setup ͑see inset͒. The wavelength of the second laser is calibrated online against a U-Ar standard. 
II. EXPERIMENT
The general features of the experimental setup are the same as the one used in a previous investigation focusing on the k 1 ⌸ g and y 1 ⌸ g states. 40 A schematic overview of the setup is depicted in Fig. 1 . Tunable XUV laser light ( Ϸ96 nm͒ is generated by frequency doubling the output of a PDL ͑pulsed dye laser͒ into ultraviolet in a KDP crystal, and subsequently frequency tripling the output in a xenon gas jet. This XUV radiation is used to populate a single rotational quantum state in the c 4 Ј 1 ⌺ u ϩ (vϭ0) state, which was used as an intermediate. The second beam, the probe beam, was spatially overlapped with the XUV beam and in view of the short life time of the c 4 Ј state ͓Ϸ1 ns ͑Ref. 43͔͒ also temporally overlapped. The wavelength of this second beam covered the range of 620-970 nm generated by a second PDL, enabling us to investigate the energy region of 114 500-120 200 cm Ϫ1 above the ground state. The transition scheme used in this experiment is shown in Fig. 2 . The wave function of the intermediate state is located at small internuclear distances, restricting the possible states that can be investigated. Only states with sufficient wave function density at these small internuclear distances can be probed.
Whereas a Te 2 absorption spectrum was used for calibration purposes in the experiment of Ref. 40 , in the current investigation an argon-filled hollow uranium cathode lamp was used. The advantage of this calibration method is the large wavelength region that can be covered, but unfortunately the resulting accuracy is somewhat less (Ϸ0.20 cm Ϫ1 ) than in the case of Te 2 absorption (Ϸ0.05 cm Ϫ1 ). A third laser pulse ͑532 nm͒ further excites the N 2 molecules into the ionization continuum, therewith producing N 2 ϩ ions that can be sensitively detected. The third laser pulse was both spatially and temporally overlapped. Double resonance spectra were obtained by setting the tunable XUV laser on one of the rotational lines in the . The vibrational levels vϭ2 of the y state and vϭ2 of the x state were already known. One feature in Fig. 3 is not identified. The intensity of the laser radiation is not diminished, resulting in possibly broadened lines. For instance band ␣ 8 t seems to be broadened, but this does not necessarily imply a short lived level. 
and P(12) are partially overlapped and both transitions will occur when the XUV laser is set on either one of the resonances. This results in additional lines which are indicated with an asterisk.
Figure 4 displays spectra to the levels named ␤ 2 and ␤ 3 for various intermediate J levels. Although there is some irregularity in the intensity patterns, two series of P, Q, and R transitions are discernable. All recorded spectra reflect the well-known perturbation in the c 4 Ј 1 ⌺ u ϩ (vϭ0) state by the bЈ 1 ⌺ u ϩ (vϭ1) state with an avoided crossing near Jϭ10. This is observable in Fig. 4 through the shifts of some lines and by the appearance of additional lines, due to the fact that the resonances in the first excitation step cannot be resolved.
We note however, that the perturbation in c 4 Ј (vϭ0) is fully understood and modeled; it has no effect on the assignment and accuracy in the double resonance spectra.
Although all three lasers are both temporally and spatially overlapped, unambiguous assignments of the quantum states excited, can be made. All signal is dependent on the first XUV-resonant excitation step, while XUVϩgreen does not yield ion signal; the observed resonances in the N 2 spectrum rely on the tuning of the second laser. In some incidental cases signal was obtained, however, that was independent of the 532 nm pulse and which was attributed to XUVϩVis ϩVis excitation. In these cases a resonance at the XUVϩVis energy level would not be required, and the signal could be produced by autoionizing levels at the XUVϩ2 Vis energy level. All spectra were recorded by monitoring molecular ion signal at mass 28. Atomic fragments are produced in cases when a predissociating state is probed; these fragments are not detected since they are electrically neutral.
III. RESULTS AND DISCUSSION
Nineteen rotational progressions have been discerned, of which four were already known ͓x The assignment of all observed spectral features in terms of electronic symmetries and rovibrational quantum numbers is a difficult task. Ab initio calculations 42 have been performed resulting in Born-Oppenheimer ͑BO͒ potential curves, but not to the level of spectroscopic accuracy required for unambiguous assignments of levels. However, the nature of the double-resonance excitation scheme gives some help in the assignments. The rotational quantum numbers of the newly observed levels are known without ambiguity. This holds foremost for those levels observed in P and R transitions, but also the ones observed in a single transition ͑e.g., Q branch lines͒ follow clearly rotational progressions.
In view of the excitation scheme, the features studied here have singlet character and gerade symmetry. Furthermore, the states that can be probed from the c 4 Ј 1 ⌺ u ϩ are constrained by dipole selection rules. Only rovibrational levels of 1 ⌺ g ϩ and 1 ⌸ g states can be populated. P and R transitions probe either ⌺ ϩ or ⌸(e) states, whereas Q transitions probe ⌸( f ) states. P and R transitions both populate identical levels and therefore combination differences can be used to yield higher accuracies than in the case of Q transitions (Ϸ0.15 cm Ϫ1 and Ϸ0.20 cm Ϫ1 , respectively͒. On the basis of observed transitions a tentative symmetry assignment has been given. If the P(1) transition is observed, the probed state has to be a 1 ⌺ g ϩ state; only ⌺ states support a Jϭ0 rotational level, and only ⌺ ϩ can be probed via a P transition. And, if P, Q, and R transitions are all observed, the probed state must be 1 ⌸ g . It might of course be that, in the case of a ⌸ state, either the P/R or Q branch is missing, due to the predissociation of either the ͑e͒ or ͑f ͒ component which would lead to ambiguities in the assignment. Furthermore, it is possible that the lowest rotational level is not discerned, which also may lead to equivocalities. Based on this scheme, three 1 The rotational level energies of the unperturbed ⌺ states are fitted to the following formula:
In the case of ⌸ states ⌳ doubling will occur and the rotational level energies are fitted to the set of equations
The results from least-squares fits of the data to these equations are listed in Tables IX-XI. The centrifugal distortion parameter was set to Dϭ0 in the case that the adding of this parameter did not result in a lowering of the 2 .
From the intermediate c 4 Ј 1 ⌺ u ϩ state, both valence states and Rydberg states can be probed. In the former case, an electron is excited from a bonding orbital to an antibonding orbital, resulting in an increase of the internuclear distance, whereas in the latter case, an electron is excited to an orbital in which it experiences significantly less influence from the nuclei than the other electrons, and the nuclear distance will resemble the distance of an ionic state. As the molecular constants depend on the internuclear distance, these can be used to interpret the character of the observed states. In a Rydberg series, the Rydberg electron occupies orbitals with increasing principal quantum numbers, and finally the series converges to an ionic state. It is therefore to be expected that the molecular constants of such a series also converge to the constants of the ionic state. In Table IX the constants of the ground state and the first excited state of the molecular ion [45] [46] [47] [48] are listed. Based on the rotational B parameter, a first crude assignment can be made on the character of the excited state. It seems that states ␤ 3 t , ␣ 7 t , ␣ 8 t , and ␤ 4 belong to Rydberg series converging to the electronic ground state of the N 2 ϩ ion. Bands ␣ 1 t , ␤ 1 , ␣ 2 t , ␣ 4 , ␣ 5 , and ␣ 6 have relative small rotational B parameters, indicating that the internuclear distance must be relatively large corresponding to valence states. Band ␣ 3 , with Bϭ1.775 cm Ϫ1 , is just between the values of the rotational constant of the ground state and the first excited state of N 2 ϩ . However, it seems that the rotational structure is distorted since DϽ0, which is unphysical, and 2 ӷ1. If the perturbation is correctly accounted for, the deperturbed value of the rotational B parameter will somewhat change and might resemble the values of one of the N 2 ϩ states. Finally, Bϭ2.129 cm Ϫ1 of system ␤ 2 t exceeds any value in N 2 and N 2 ϩ , indicating that also this state is perturbed.
The values for the centrifugal distortion parameter D, as obtained from the fits, are unphysically large in many cases, which is indicative for weak or strong perturbations. The latter is certainly the case in system ␣ 3 with DϽ0.
Another approach to assign the observed states, is to extrapolate the vibrational progression of known singlet gerade states. The only two states suitable for such an extrapolation are the y 1 ⌸ g , and the k 1 ⌸ g states. Both the a 1 ⌸ g and aЉ 1 ⌺ g ϩ states have vibrational levels in the energy re- Some interactions have been taken explicitly into account. As is clear from the avoided crossings in Fig. 5 several states undergo a mutual interaction. The energies are fitted to the eigenvalues of the matrix, for every J,
in which E up and E low are the unperturbed level energies of the upper and lower energy levels, respectively. H is the interaction parameter and is a constant when the two interacting states have the same symmetry properties ͑homoge-neous interaction͒ and is dependent on J when they differ ͑heterogeneous interaction͒:
in the case of an interaction between a 1 ⌺ and a 1 ⌸ state, and
when the interaction is between a 1 ⌸ and a 1 ⌬ state. In the case of the interacting systems ␤ 2 t and ␤ 3 t it is not clear whether a homogeneous or heterogeneous interaction should be taken into account. Of both systems P, Q, and R transitions are observed, as can be seen in Fig. 4 , indicating that the states cannot be ⌺ states. The only other possibility seems to be two interacting ⌸ states. However, if one of the two is a ⌸ state, the other state may be a ⌬ state that gains transition strength from the interaction. The line strengths of both systems are equally strong around the interaction (J ϭ8), but is smaller for system ␤ 2 t for the other values of J. This indeed indicates that the interaction strength to system ␤ 2 t is gained by the mixing with system ␤ 3 t . Therefore system ␤ 3 t is identified as a ⌸ state, but system ␤ 2 t may be either a ⌸ state or ⌬ state. In Table XI the molecular constants are listed for both possibilities: a homogeneous interaction and a heterogeneous interaction. For both cases 2 ϭ0.36, hampering a positive assignment for system ␤ 2 t . It should be noted, that not only the assignment of ␤ 2 t as a ⌬ state explains the intensity behavior of the band, but also a ⌸ with a low Franck-Condon factor in the transition from the intermediate state c 4 Ј , would result in a similar intensity pattern. It is peculiar, that in neither band a transition to Jϭ1 could be observed ͑see Fig. 6͒ , which is the lowest J supported by a ⌸ state.
In Fig. 4 it is shown that the P transitions in the bands ␤ 2 t -c 4 Ј and ␤ 3 t -c 4 Ј are systematically weaker than the Q transitions, and these transitions are in turn less intense than the R transitions. As this effect is not observed in the other band systems, it cannot be ascribed to polarization effects of the several laser beams. Furthermore, in that case it would be expected that the effect is more strongly present for lower values of J, than high values. This seems, however, not to be the case; even for Jϭ12 this tendency is observed. In principle such intensity pattern could be a result of interfering matrix elements in the excitation of coupled states. The perturbing system ␤ 2 t -␤ 3 t cannot be interpreted as an isolated two-level perturbation problem. The unphysical value for the rotational constant of ␤ 2 t suggests that an additional unobserved state perturbs the system.
In Ref. Besides line broadening, missing lines may also indicate the presence of predissociation. The spectra are retrieved by ionizing the excited molecules. In the case of decay processes, the ionization laser beam has to compete with the loss rates of these processes. This may lead to lower intensities even to the point of vanishing lines. 50 Though not all possible transitions have been observed, no special attention was given to these missing lines in the present study.
At energies around 116 000 cm Ϫ1 , features have been observed which could not be assigned, not even in terms of rotational quantum numbers. It might be that these features arise from multiple photon absorptions, e.g., XUVϩ2 Vis. In a future experiment these features may be investigated in a systematic way.
IV. CONCLUSION
In this paper nineteen rovibrational progressions of gerade symmetry are reported. Fifteen progressions have been observed for the first time. The states have been investigated by means of an XUVϩVIS laser-scheme. Even though a complete assignment is not possible yet, due to the lack of ab initio calculations of spectroscopic accuracy, a symmetry assignment has been made to 12 vibrational levels, based on the observed transitions. Seven of these assignments are tentative. Three vibrational states have been assigned as belonging to known electronic states; y 1 ⌸ g (vϭ3) and k 1 ⌸ g (v ϭ2,3). In the current experiment, the intermediate state 
